INTRODUCTION
Pancreatic ductal adenocarcinoma (PDAC) is one of the most aggressive malignant tumors, with few effective therapeutic options and high mortality rates. 1, 2 Although a cure can be achieved through surgical resection, the majority of PDAC patients are diagnosed at metastatic stages in which the tumor is surgically unresectable. This type of advanced disease is the main cause of death for patients with PDAC. PDAC preferentially metastasizes to the liver, which is explained by the theory of the hepatic pre-metastatic niche. 3 The current standard of care for advanced PDAC is limited to mono-(gemcitabine) or combinational chemotherapy (gemcitabine combined with other chemotherapeutic agents such as fluorouracil , erlotinib, cisplatin, capecitabine, docetaxel, and oxaliplatin). 4 Induction chemotherapy prior to treatment with radiation and dose escalation shows slightly improved survival rates in locally advanced pancreatic cancer patients. 5 However, overall, these combination chemotherapies do not show statistically significant survival benefits for PDAC. 6 The development of cancer therapeutics has focused on targeted delivery in the past few decades to increase therapeutic efficacy. Therapeutics are packaged in carriers to achieve targeted delivery of cancer therapeutics with systemic administration. This is achieved via two main approaches: passive targeting or active targeting. Passive targeting depends solely on enhanced permeability and retention effects; for this reason, less than 1% accumulates in xenografted tumors. 7 In contrast, active targeting uses affinity ligands such as antibodies or aptamers for target-specific homing, resulting in increased target efficiency with improved tumor localization and retention. Aptamers are structured nucleic acid ligands that hold unique three-dimensional structures based on defined nucleic acid sequences that are selected using the systematic evolution of ligands by exponential enrichment (SELEX) strategy in vitro. 8, 9 Because aptamers can be selected against numerous varieties of targets, including small molecules, proteins, cultured cells, and even ex vivo organ cultures, [10] [11] [12] [13] [14] [15] they have been popularized as ligands for active targeting. Compared with antibodies, aptamers hold significant advantages as delivery vehicles, including structural stability and flexibility, ease of synthesis, as well as very limited toxicity and immunogenicity. 16 For these reasons, multiple groups have isolated aptamers recognizing specific epitopes of plasma membrane receptors on cancers for internalization into target cells. These cancer-specific aptamers have been successfully utilized to deliver various therapeutic payloads such as antibodies, peptides, small inhibiting RNAs (siRNAs), small activating RNAs (saRNAs), and toxins. 17 For targeted delivery of therapeutic payload, we developed aptamer-drug conjugates (ApDCs) that intrinsically incorporated active metabolites of the nucleoside analogs gemcitabine or 5-FU. 18 In that study, we showed that gemcitabine was more potent for induction of DNA damage than 5-FU in PDAC as an anti-cancer drug. 18 To develop an active targeting ligand, most of the strategies adopted to date typically target receptors that are selectively overexpressed on diseased tissues or cells. This approach dramatically increases the therapeutic index and reduces unwanted effects on non-targeted cells. [18] [19] [20] For example, human transferrin receptor 1 (hTfR1), which is involved in cellular iron uptake to maintain intracellular homeostasis, is overexpressed on and internalized into multiple cancer cell types through the clathrin-mediated endocytosis pathway. 21 Thus, hTfR1 is considered an attractive target for the targeted delivery of therapeutic agents against various cancers. 22 Recently, hTfR2, another receptor for transferrin, was cloned. 23 The main difference between hTfR1 and hTfR2 is in their expression patterns: hTfR1 is expressed on most cell types, except mature erythrocytes and terminally differentiated cells, whereas hTfR2 is highly expressed in the liver, erythroid cells, and peripheral mononuclear cells. 24 More recently, transferrin was shown to pass through blood-brain barrier endothelial cells into the brain via receptor-mediated transcytosis. 25 In turn, hTfRs have attracted attention as candidates for targeted drug delivery to multiple cancers and the CNS. In pancreatic cancer, overexpressed hTfR is a specific malignant marker: 82% positive in primary tumor and 75% in metastatic tumors. 26 Therefore, hTfR is a good cell surface target for targeted delivery in pancreatic cancer. saRNAs offer an emerging therapeutic strategy for transcriptional gene activation in mammalian cells, in the form of short 21-mer nucleotide duplexes that target the promoter regions of genes. 27, 28 The therapeutic potential of saRNAs has been explored in multiple cancers. 29 The most successful therapeutic saRNA is CCAAT/ enhancer-binding protein-a (C/EBPa)-saRNA that shows potent anti-tumor effects through the inhibition of cell proliferation in hepatocellular carcinoma by upregulation of C/EBPa and its downstream targets, cyclin-dependent kinase inhibitor 1 (p21) in vivo. 30 C/EBPa-saRNA encapsulated by liposomal carrier molecules is currently under a phase I clinical trial in patients with advanced liver cancer. Given the success of C/EBPa-saRNA in hepatocellular carcinoma, it indicates that C/EBPa-saRNA might have anti-tumor effects in other type of cancers through inhibition of cancer cell proliferation. Consistent with this, in a previous study, we showed anti-tumor effects following targeted delivery of C/EBPa-saRNA in a local subcutaneous xenografted PDAC mouse model. 31 Based on our previous results, it suggests that C/EBPa might be a novel druggable target in patients with advanced PDAC.
We herein determine the anti-tumor effects of C/EBPa-saRNA by using TfR aptamers for targeted delivery in an advanced PDAC mouse model. Also, the feasibility of aptamer-C/EBPa-saRNA for adjuvant in combination with gemcitabine is determined in an advanced PDAC mouse model. We observed the significant reduction of PDAC tumor burden in the treatment of TfR aptamer-C/EBPa-saRNA conjugates in an advanced PDAC mouse model. Our results suggest that our approach could be translated into the clinic to cure advanced PDAC cancer patients.
RESULTS

Anti-hTfR Aptamer Is Selected through Protein SELEX
We used protein SELEX to select RNA aptamers against hTfR. As a target for SELEX, the extracellular domain of hTfR with a six-histidine (His6) tag to immobilize to beads was expressed in HEK293 cells ( Figure S1A ). We first incubated an RNA aptamer library pool with agarose beads to remove non-specific binders. Subsequently, we incubated the supernatant with the His6-hTfR target protein for positive selection, then amplified the aptamers bound to hTfR using PCR and in vitro transcription, as depicted in Figure S1B . After nine rounds of SELEX, we identified the 87-nt anti-hTfR aptamer TR14 ( Table 1 ). The frequency of TR14 was depicted in Table S1 . We predicted the structure of TR14 using Mfold, which showed multiple stem-loop structures ( Figure 1A ).
The Anti-hTfR Aptamer (TR14) Is Efficiently Internalized into Cancer Cells and Shows High Binding Affinity
Because we isolated the anti-hTfR aptamer for use in therapeutic delivery, we performed cell internalization assays using confocal microscopy of live cells for targeted delivery. To determine intracellular uptake, we incubated Cy3-labeled TR14 aptamers at 200 nM on PANC-1 cells. For the control, the Cy3-labeled initial RNA library was treated on both cell lines as for flow cytometry. After a 2-h incubation, we observed a typical punctate fluorescence pattern in the cytoplasm of PANC-1 cells, suggesting that TR14 was successfully internalized into cancer cells ( Figure 1B ). To confirm the binding of TR14 to cancer cells, we incubated the Cy3-labeled initial nonselected aptamer library as negative control or TR14 aptamers on PANC-1 cells. We observed enriched cell surface binding to the cells, compared with the initial RNA library pool by flow cytometry ( Figure 1C ).
To characterize TR14-hTfR binding affinity and kinetics, we used a label-free biosensor assay in real time. We measured the dissociation constant (K D ) of TR14 for hTfR as 3.17 Â 10 À11 mol/L, with 6.78 Â 10 3 M À1 s À1 and 1.68 Â 10 À6 s À1 as the corresponding association (k on ) and dissociation (k off ) rate constants, respectively ( Figure 1D ; Table 2 ).
The TR14 aptamer Is Internalized into Cells via Clathrin-Mediated Endocytosis and Competes with Transferrin, but Not Anti-TfR Antibodies
To verify the specificity of TR14 for hTfR, we performed siRNA knockdown experiments. After PANC-1 cells were transfected with anti-hTfR siRNA, control siRNA, or no siRNA, the uptake of TR14 was assessed. It showed diminished uptake upto 50% in treatment of anti-hTfR siRNA ( Figure 1E ).
To determine the mechanism of endocytosis, we utilized small molecules. In the pre-treatment of clathrin-mediated endocytosis (CME) inhibitors such as chlorpromazine (CPZ), chloroquine (CQ), or dynasore, the uptake of TR14 was inhibited significantly ( Figure 1F ). But in the pre-treatment of clathrin-independent endocytosis (CIE) inhibitors such as genistein (GEZ; caveolae-and lipid-mediated endocytosis inhibitor) or cytochalasin D (Cyto D; phagocytosis or micropinocytosis), the uptake was not interfered with ( Figure 1F ). With pre-incubation of TR14 on PANC-1 cells, internalized transferrin was significantly inhibited ( Figure 1G , left). But anti-TfR aptamer did not compete with TfR antibodies, suggesting that the binding site of TR14 and TfR antibodies might be different ( Figure 1G , right).
The TR14 aptamer Is Distributed into Endosome and Lysosome Subcellularly
To confirm subcellular co-localization of TR14, we incubated chemically synthesized Cy3-labeled TR14 on live cells, where it expressed GFP fused to Rab5a (early endosome marker), Rab7a (late endosome marker), or Lamp1 (lysosomal marker). The co-localization was assessed on live cells with confocal microscopy with Airyscan. After 2-h incubation of TR14, we observed the multiple co-localizations of TR14 with early endosome, late endosome, and lysosome ( Figure 1H ).
Truncated TR14 Aptamers Show Efficient Cell Internalization in Cancer Cells
Based on structural analysis using computational prediction, we truncated the TR14 aptamer into the smallest functional unit that was expected to maintain binding to hTfR. We generated five truncated TR14 aptamers: S1 (46 nt), S2 (43 nt), ST1-1 (40 nt), ST1-2 (32 nt), and ST1-3 (22 nt) ( Table 1 ). The series of truncated TR14 aptamers was chemically synthesized, and the expected structures of the truncated aptamers were depicted using NUPACK (Figure 2A ). To confirm the efficacy of the truncated aptamers for targeted delivery, we performed cell internalization assays using confocal microscopy on live cells with chemically synthesized Cy3-labeled truncates. The two truncated aptamers, TR14 S1 and TR14 S2, were internalized into PANC-1 cells ( Figure 2B ). In contrast, two truncated aptamers, TR14 ST1-1 and TR14 ST1-2, were not internalized into the cells. Interestingly, another truncated aptamer, TR14 ST1-3, was internalized into PANC-1 cells ( Figure 2B ).
Truncated TR14 Aptamers Show Improved or Equivalent Binding Affinity Compared with the Parent TR14 Aptamer
To measure binding affinity and kinetics of the truncated TR14 aptamers for hTfR1, we performed a label-free biosensor assay in real time using a Biacore T100 instrument again. The resulting Biacore sensorgrams for TR14 S1, TR14 S2, and TR14 ST1-3 are presented in Figure 2C ; neither TR14 ST1-1 nor TR14 ST1-2 was measurable. Based on these results, we calculated K D and k on and k off rate constants. As a result, TR14 S2 showed improved kinetic constants. The TR14 ST1-3 remained equivalent kinetic constants compared with parent ones ( Table 2 ).
The parent TR14 and Truncated TR14 ST1-3 (22 nt) aptamers Show Cross-Reactivity to hTfR2
Reportedly, two human glioblastoma cell lines (U87MG and TB10) express hTfR1 or hTfR2 selectively. 32 Therefore, to determine the potential cross-reactivity of the parent TR14 and the truncated TR14 S2 and TR14 ST1-3 aptamers for hTfR1 and hTfR2, we incubated chemically synthesized Cy3-labeled aptamers on two live glioblastoma cells. We showed that the parent TR14 bound to both hTfR1 and hTfR2, TR14 S2 bound selectively to hTfR1, and TR14 ST1-3 bound both hTfR1 and hTfR2 ( Figure S1C ).
The parent TR14 and Truncated TR14 aptamers without or with Albumin Affinity Tag Conjugated to C/EBPa-saRNA Demonstrate Upregulation of C/EBPa and p21, and Show Antiproliferative Effects In Vitro
To achieve targeted delivery of C/EBPa-saRNA into pancreatic cancer cells, we constructed multiple conjugates that linked the TR14, truncates of TR14, or albumin affinity tagged truncates of TR14 with C/EBPa-saRNA. To maintain the functional integrity of the molecule, we placed a "sticky" sequence between TR14 and the C/EB-Pa-saRNA oligonucleotide to prevent structural hindrance (Table 3) , as we described for the construction of P19-CEBPA in our previous study. 31 To assess gene activation in vitro, we added TR14-CEBPA or IRRE-TR14-CEBPA (irrelevant or non-targeting aptamer control) to cultured PANC-1 cells, then used qPCR to measure mRNA expression of C/EBPa and its downstream target, p21. Cells treated with TR14-CEBPA showed significantly higher mRNA expression of C/EBPa and p21 ( Figure 3A ) compared with the IRRE control group. To measure the inhibition of cell proliferation by TR14-CEBPA, we performed 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium (MTS) cell proliferation assays on PANC-1 cells treated with TR14-CEBPA or IRRE-TR14-CEBPA for 72 h. We also observed a significant reduction in cell proliferation following treatment with TR14-CEBPA compared with the IRRE control group at the time point of 72 h ( Figure 3D ). In treatment of conjugates of truncated TR14 (TR14-S3 or TR14 ST1-3) with C/EBPa-saRNA, we observed upregulated mRNA expression of C/EBPa and its downstream target, p21, and inhibition of cancer cell proliferation by MTS assay (Figures 3B and 3E).
To increase pharmacokinetics of the conjugates in vivo, we chemically attached an albumin affinity tag to TR14 ST1-3 (termed tTR14). The tTR14 aptamers without or with an albumin affinity tag were named TC or TCT, respectively. We also made a tTR14 with an affinity tag and a 10-uracil spacer (TCUT). A schematic illustration of these conjugates is depicted in Figure S1D ; sequences are shown in Table 3 . After treatment of PANC-1 cells with these conjugates, we also observed 
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20EÀ11 k on , k off , and K D : stayed in similar range upregulation of C/EBPa and p21 ( Figure 3C ) and inhibition of tumor cell proliferation ( Figure 3F ), compared with the IRRE control group.
TR14-CEBPA Shows Potent Anti-tumor Effects in a Mouse Model of Advanced PDAC
To determine the anti-tumor effects of the aptamer conjugates in advanced PDAC, we established a traceable animal model by implanting firefly luciferase-engineered PANC-1 cells (PANC-Luc) into the livers of NOD/SCID mice (i.e., intrahepatic pancreatic cancer cell implantation). In our previous studies, we demonstrated that P19-CEBPA showed potent anti-tumor effects in a local subcutaneous pancreatic cancer mouse model. 31 Therefore, in this study, we included P19-CEBPA in parallel with TR14-CEBPA to determine the anti-tumor efficacy in an advanced PDAC model engrafted in the liver of PANC-Luc. We randomly divided mice into five groups (n = 4-6/group) and injected them with PBS, IRRE-TR14-CEBPA (1 nmol), TR14-CEBPA (1 nmol), IRRE-P19-CEBPA (1 nmol), or P19-CEBPA (1 nmol) via the tail vein 3 times/week for 3 weeks. We monitored tumor growth by quantifying bioluminescence using an IVIS 200 in vivo imaging platform ( Figure 4A ).
After treatment of mice with the aptamer-conjugates as described above, we assessed the burden of pancreatic cancer tumors on each implanted liver by measuring tumor weight and volume for 3 weeks. Both TR14-CEBPA and P19-CEBPA treatment groups showed significant reduction of tumor burden compared with the control groups (IRRE conjugates) ( Figures 4B and 4C ). We subsequently quantified the bioluminescent signal, indicative of PANC-Luc tumor growth, which showed a significant inhibition of tumor growth following treatment with TR14-CEBPA and P19-CEBPA compared with controls ( Figure 4D ). By tracing tumor growth using bioluminescence over time (0-3 weeks), we observed persistent anti-tumor effects following treatment with TR14-CEBPA and P19-CEBPA compared with controls in our model of advanced PDAC ( Figure 4E ). The expression of C/EBPa in engrafted tumor was analyzed. We observed significant upregulation of C/EBPa and p21 in the treatment group of TR14-CEBPA compared with control ( Figure 4F ). In summary, our results showed significant reduction of advanced PDAC tumor burden in two groups: TR14-CEBPA and P19-CEBPA.
The Truncated TR14-CEBPA Attached to an Albumin Affinity Tag Shows Potent Anti-tumor Effects in a Mouse Model of Advanced PDAC in Combination with Gemcitabine
The current standard care for advanced PDAC is gemcitabine-based monotherapy or combinational therapies. Therefore, we tested the efficacy of albumin affinity-tagged tTR14-C/EBPa-saRNA conjugates The binding affinity and kinetics of truncated TR14 aptamers (TR14 S1, TR14 S2, and TR14 ST1-3) against hTfR were determined using labelfree biosensor assays and a Biacore T100 instrument.
(TC, TCT, TCUT; 1 nmol) in combination therapy with gemcitabine (50 mg/kg) in a mouse model of advanced PDAC. Representative bioluminescence images taken before and after treatment are shown in Figure 5A . We quantitated anti-tumor effects by measuring tumor volume and change in photons. Compared with untreated control (PBS), all three conjugates (TC, TCT, TCUT) combined with gemcitabine caused a significant reduction of tumor burden in the advanced PDAC by measuring photon increase ( Figure 5B ). Compared with vehicle-treated control, our studies showed that gemcitabine alone reduced tumor volume $70%; the three conjugates (TC, TCT, TCUT) combined with gemcitabine reduced tumor growth up to $85% ( Figure 5C ), suggesting that aptamer-C/EBPa-saRNAs might be used as an adjuvant in combination with chemotherapy.
DISCUSSION
More than 75% of pancreatic cancer patients are diagnosed with metastatic advanced PDAC, which shows a dismal prognosis of only 3% overall survival rate at 5 years. 33 Although surgical resection of the primary tumor has been considered to improve the survival rate of PDAC patients, 85%-90% are ineligible. 34 Moreover, more than 80% of patients have suffered systemic spread following surgery. 35 Therefore, metastatic advanced PDAC remains the main cause of pancreatic cancer mortality. The currently approved standard of care for metastatic advanced PDAC is systemic gemcitabine-based therapy. However, because the anti-tumor effects of gemcitabine monotherapy are disappointing, the current trend for therapeutic op-tions in advanced PDAC is combinational therapeutics to improve survival of patients such as a combination of gemcitabine and nabpaclitaxel. 36 However, combinational therapeutics with multiple chemo-drugs does not show statistically significant survival benefits for PDAC, leaving severe side effects in patients. 6 Therefore, more effective treatments for metastatic advanced PDAC had been explored in this study.
Molecularly targeted therapies have been explored in unresectable pancreatic cancer patients, targeting epidermal growth factor receptor (EGFR), vascular endothelial growth factor (VEGF), platelet-derived growth factor (PDGF), HER2, tyrosine kinase (TK), insulin-like growth factor 1 receptor (IGF1R), or hedgehog signaling elements. 37 Despite these intensive studies, the effect is too small to adopt for therapeutic options. The transcription factor C/EBPa is known to suppress tumor growth in PDAC, because its expression is typically reduced during disease progression. 31, [38] [39] [40] We previously reported using the pancreatic cancer-specific P19 and P1 aptamer to deliver C/EBPa-saRNAs, and it showed the significant anti-tumor effects in a locally engrafted subcutaneous PDAC mouse model, 31 suggesting that C/EBPa could be an effective target in aggressive advanced pancreatic cancer. Therefore, herein, we determined the therapeutic efficacy of molecularly targeted therapy targeting C/EBPa in an advanced PDAC mouse model.
To determine the therapeutic efficacy in vivo, herein, we established an advanced PDAC mouse model by implanting pancreatic cancer cells in the lobe of the liver intrahepatically. Typically, the use of orthotopic mouse models with intrasplenically injected pancreatic cancer cells to study the molecular mechanism of metastasis and to evaluate therapeutic regimens is well established. 41 However, the progression of metastasis of pancreatic cancer cells to the liver takes up to 145 days in this model. The aim of this study was focused on determining the anti-tumor effects of aptamer-based conjugates targeting already metastasized advanced PDAC, rather than investigating inhibition of the metastasis process to other body organs. Direct implanting of tumor cells in the liver is a more clinically relevant approach to test anti-tumor effects in an advanced PDAC mouse model.
Currently, a challenge of the oligonucleotide therapeutic field is delivery. Since the first US Food and Drug Administration (FDA) approval in 2004 for an aptamer-based treatment for neovascular age-related macular degeneration, 42 RNA aptamers have become very attractive therapeutic modalities. 43 TfR is a transmembrane protein to deliver ferric iron to cells. 44 TfR is overexpressed, almost 100-fold, in highproliferative cancer cells. 45 As a consequence, TfR is a very attractive target for targeted therapy development. In previous studies, murinespecific DNA and RNA aptamers against TfR have been isolated. 46 But, unfortunately, these murine TfR aptamers showed high susceptibility to nucleases, which limit their utility. For nuclease-stabilized aptamers, two RNA aptamers, named c2 47 or Waz, 48 employed with 2 0 -fluoro (2 0 F)-modified pyrimidines were isolated against hTfRs in the same group. The binding affinity of c2 and minimized c2 was 17 and 102 nmol/L, respectively. The binding affinity of Waz was 
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www.moleculartherapy.org 390 nmol/L. To isolate c2 and Waz aptamers, they employed a twostage selection method; recombinant proteins expressed insect cells followed by target cell-SELEX; HeLa or Jurkat cells. This two-stage selection approach allows for solving the issue that aptamers isolated against recombinant proteins sometimes do not bind to mammalian cells because of glycosylation. Even though this two-stage selection is quite a smart approach, it is a time-consuming SELEX process. Therefore, in this study, to reduce the time of the SELEX procedure, we used the extracellular domain of hTfR recombinant proteins that were expressed in mammalian cells to isolate RNA aptamers, and intracellular uptake was tested in pancreatic cancer cells. In turn, we successfully isolated new anti-hTfR RNA aptamers with high binding affinity that showed better binding affinity than c2 and Waz. The newly isolated anti-hTfR aptamers were internalized into cells via CME.
With the aim to develop a new therapeutic regimen of molecularly targeted therapy and to test the suitability of targeting C/EBPa for anti-cancer effects in aggressive advanced PDAC, we employed two aptamers (TR14 and P19) that were conjugated with C/EBPa-saRNAs using sticky bridge sequences for targeted delivery. We observed that both conjugates significantly inhibited tumor growth in a mouse model of advanced PDAC. However, no significant difference in anti-tumor effects was observed between TR14-CEBPA or P19-CEBPA treatment. For cost-effective chemical synthesis for clin-ical trials, the TR14 was truncated to reduce the size. The truncation of aptamer is a process of trial and error. The binding affinity of aptamers has been often completely lost or compromised during the tedious truncation process. Cowperthwaite and Ellington 49 suggest that the fixed regions do not contribute to or constrain the binding properties of aptamers, and they are minimally involved in the overall structure by bioinformatics analysis. Currently, computer simulation programs, such as Mfold, 50 RNAstructure, 51 and NUPACK, 52 have been used to predict the secondary structure of aptamers. Thus, using this secondary structure information, conserved stem-loop regions are truncated, which is predicted to be necessary for binding to hTfR. However, in previous studies, the influence of nucleotide bases, which are incorporated into aptamers from the promoter region during the in vitro transcription (IVT) to truncate the aptamers, has not been investigated. To investigate the influence of the nucleotide bases incorporated from the promoter region throughout IVT for the function of aptamers, we generated truncates of TR14 that hold the "5 0 -GGG transcription start codon": TR14 S1 and TR14 S2. The truncates of TR14 that do not hold the "5 0 -GGG transcription start codon" are TR14 ST1-1 and TR14 ST1-2. Based on our data, TR14 S2 containing the "5 0 -GGG in vitro transcription start codon" keeps the functionality and increased binding affinity, compared with the parent TR14 aptamer. However, TR14 ST1-1 without the "5 0 -GGG transcription start codon" completely lost the functionality and binding affinity, even though the structure of TR14 S2 and TR14 ST1-1 remains the same by NUPACK. In this study, we observed that three extra Gs at the 5 0 end are indispensable in some truncates of aptamers. Therefore, "5 0 -GGG transcription start codon" incorporated from the promoter region will be considered to truncate the aptamers after selection. However, we cannot conclude that our observation can be generally applied to all of the truncations of aptamers. Surprisingly, TR14 ST1-2 completely lost its function, but TR14 ST1-3 kept similar functionality of parent TR14.
Finally, TR14 ST1-3 aptamer (termed tTR14, 22-mer) showing the similar range of binding kinetics to target, compared with parent TR14, was employed further in an in vivo experiment. To improve efficacy and pharmacokinetic properties, 53 we chemically attached an albumin affinity tag to the 3 0 end of the selected TR14 ST1-3 aptamer (termed tTR14): TC (without albumin tag), TCT (with albumin affinity tag), and TCUT (extra Us with albumin affinity tag). Reportedly, molecularly targeted therapy of EGFR inhibitors in combination with gemcitabine showed the evident therapeutic efficacy: improved overall survival rate in advanced PDAC patients. 37 Therefore, the efficacy of conjugates in combination with gemcitabine was assessed in an advanced PDAC mouse model, which can be used as for adjuvant. The results showed significant reduction of tumor burden in combination with gemcitabine in an advanced PDAC mouse model, suggesting that aptamer-C/EBPa-saRNAs might have potential as an adjuvant in combination with small drug-based anti-cancer drugs.
We expected that the attachment of albumin affinity tag would improve the tissue biodistribution (PD) and pharmacokinetics (PK) profile of the aptamers. Based on our current study, we cannot conclude how the albumin-tag affects delivery of total payload to target tissues (i.e., % of injected saRNA dose delivered per gram of tissue [%ID/g]); we will complement our current findings with direct quantification of saRNA biodistribution in tissues in further studies.
In summary, our study provides strong evidence that targeted delivery of CEBPa-saRNA by anti-hTfR or pancreatic cancer-specific aptamers leads to potent anti-tumor effects in a mouse model of advanced PDAC. We also showed that truncated anti-hTfR1 TR14 aptamers delivered C/EBPa-saRNA into cancer cells, and that combined with gemcitabine they showed an anti-tumor effect. Our results suggest that C/EBPa-saRNAs could be used as an adjuvant in combination with gemcitabine in advanced PDAC. Finally, given that the hTfR is overexpressed in multiple cancer cells, we expect that hTfR targeting will allow delivery of therapeutic payloads to other types of cancers. purchased from Thermo Fisher Scientific. Anti-TfR antibodies (ab47095) were purchased from Abcam. Human transferrin-Alexa 488 was purchased from Invitrogen (1780257).
MATERIALS AND METHODS
Chemicals and Reagents
Recombinant Target Protein
hTfR was purchased from Sino Biological (11020-H07H; Beijing, P.R. China). The extracellular domain of hTfR (NP_003225.2) (Cys 89-Phe 760) was expressed with a His6-tag at the N terminus in human cells (HEK293).
Cell Line
PANC-1 (pancreatic epithelioid carcinoma, CRL-1469) and U-87 MG (glioblastoma, HTB-14) were purchased from American Type Culture Collection (ATCC, Manassas, VA, USA). The cells were cultured according to the suppliers' instructions. The TB10 human glioma cell line was obtained from Vittorio de Franciscis lab in Italy.
Protein SELEX
In vitro selection was carried out essentially as described previously, 54 with a few modifications. The 2 0 F-RNA aptamers were selected from 40-nt randomized sequences constructed by IVT of synthetic DNA templates with nucleoside triphosphates (NTPs) (2 0 F dUTP [2'-Fluoro-2'-deoxyuridine-5'-triphosphate], 2 0 F dCTP [2'-Fluoro-2'-deoxycytidine-5'-triphosphate], guanosine triphosphate [GTP], adenosine triphosphate [ATP]; Epicenter Biotechnologies, Madison, WI, USA) and T7 RNA polymerase. To remove RNAs that bound nonspecifically to agarose beads, 1.44 mM of the RNA library was pre-incubated with 20 mL of Ni-NTA agarose beads in 100 mL of binding buffer (30 mM Tris-HCl [pH 7.5]; 150 mM NaCl; 5 mM MgCl 2 ; 2 mM dithiothreitol; 1% BSA; 100 mg/mL yeast tRNA) for 30 min at room temperature with shaking, precipitated by centrifugation, and discarded. The precleared supernatant was transferred to a new tube and incubated with 300 nM His6-tagged hTfR for 30 min at room temperature. RNAs that bound to hTfR were recovered, amplified by RT-PCR and IVT, and used in subsequent selection rounds. In subsequent rounds, hTfR concentration was reduced by 2-fold at every three rounds for more stringent conditions. After nine rounds of SELEX, the resulting cDNA was amplified. The amplified DNA was cloned, and individual clones were identified by DNA sequencing. Aptamer structures were predicted using Mfold 50 (available at http://www.bioinfo.rpi.edu/applications/mfold/), using a salt correction algorithm and temperature correction for 25 C, or were predicted using NUPACK 52 (available at http://www.nupack.org/).
Surface Plasmon Resonance-Based Biosensor Assay
The Biacore T100 (GE Healthcare, Uppsala, Sweden) was used to monitor label-free interactions of TR14-hTfR in real time. The biotinylated aptamer was coupled to a streptavidin-coated Biacore chip (SensorChip SA, BR-1003-98; General Electric Company) by an injection in binding buffer at a concentration of 25 mg/mL (30 mM Tris-HCl [pH 7.5]; 150 mM NaCl; 5 mM MgCl 2 ) at 10 mL/min. The RNA was refolded by heating to 65 C, followed by cooling to 37 C, before immobilization. To measure binding kinetics, we injected five concentrations of purified hTfR protein at a flow rate of 10 mL/min. After binding, the surface was regenerated by injecting 50 mM NaOH at a flow rate of 15 mL/min for 20 s. Data from the control surface were subtracted. BIAevaluation software (GE Healthcare) was used for analysis. The binding data were fit to a 1:1 binding with a mass transfer model to calculate kinetics parameters as previously described. 55, 56 Live-Cell Confocal Imaging for Aptamer Internalization Aptamer binding was assessed by flow cytometry. For the assay, the PANC-1 cells were detached using Accutase, washed with PBS, and suspended in binding buffer. Next, chemically synthesized aptamers labeled with Cy3 at 500 nM were added to target cells for 20 min in ice. Cells were washed with binding buffer and immediately analyzed by NovoCyte (ACEA Biosciences). For the exclusion of dead cells, DAPI (1 mg/mL) was used. The data were analyzed with NovoExpress software.
Cellular Uptake Inhibition Assay
A total of 5 Â 10 3 PANC-1 cells/well were seeded in 96-well plates 1 day before assay. PANC-1 cells were left either pretreated or untreated with CPZ (clathrin endocytosis inhibitor, 10 mg/mL), CQ (clathrin endocytosis inhibitor, 20 mg/mL), dynasore (dynamin inhibitor, 80 mM), GEZ (caveolae-and lipid-mediated endocytosis inhibitor, 50 mg/mL), or Cyto D (5 mM) at 37 C for 30 min. Subsequently, cells were washed with DPBS and incubated with Cy3-labeled aptamers at 200 nM at 37 C for 1 h. Following incubation, cells were washed with HBSS to remove surface-bound aptamers. Cellular uptake was quantified by fluorescence using a plate reader (SpectraMax iD3; Molecular device). The inhibition of uptake was normalized with inhibitor nontreated groups (mock).
Competition Assays
For competition assays with human transferrin or hTfR antibodies, 5 Â 10 3 PANC-1 cells/well were seeded in 96-well plates and grown in 1 day. Cells were pre-incubated with TR14 at 200 nM for 20 min on ice with PBS. After washing with PBS, human transferrin conjugated with Alexa 488 at 25 mg/mL or hTfR antibodies (2 mL/1 Â 10 4 cells) conjugated with fluorescein isothiocyanate (FITC) were added to cells, and the cells were incubated at 37 C for 40 min. Afterward, the cells were washed with HBSS twice to remove cell surface binders. The intensity of fluorescence was quantified using a plate reader (SpectraMax iD5; Molecular Devices). The intensity was normalized with aptamer non-treated control cells (mock).
Receptor Specificity by siRNA Knockdown
Receptor knockdown was performed using a pre-designed anti-hTfR siRNA (Ambion Catalog 16708, assay ID: 12925) or control siRNA (AM4611; Ambion). siRNA transfection was performed using RNAiMax (Invitrogen) in 48-well plates according to the manufacturer's protocol. Forty-eight hours after transfection, Cy3-labeled TR14 aptamers at 100 nM or anti-hTfR antibodies (1 mL/1 Â 10 4 cells) were incubated at 37 C for 1 h. The intensity of fluorescence was quantified using a plate reader (SpectraMax iD3; Molecular Devices).
Co-localization Assay
A total of 1 Â Aptamer Conjugation to saRNA Using a "Sticky" Sequence (STICK)
A "sticky" sequence (a 16-nt sequence that prevents structural hindrance) was placed between TR14 and the C/EBPa-saRNA oligonucleotide, as we described for the construction of P19-CEBPA in our previous study. 31 TR14-STICK-sense, P19-STICK, control-STICK, Sense-STICK, and antisense RNAs were chemically synthesized. The TR14-STICK, P19-STICK, or control-STICK RNAs were refolded in binding buffer, heated to 95 C for 3 min, slowly cooled to 37 C, and then incubated at 37 C for 10 min. To form the STICK-C/EBPa RNAs, we annealed the sense-STICK and antisense strand to the complementary strand using the same molar amounts. The same amount of refolded TR14-, P19-, or control-STICK was added and incubated at 37 C for 10 min in binding buffer to make the chimeric conjugates. For truncated TR14, the same molar amounts of aptamer-STICK-sense and CEBPA anti-sense were annealed in binding buffer by heating to 95 C for 3 min and slowly cooled to 37 C. 1 Â 10 5 cells/well. TR14 or control aptamer (IRRE) conjugated to C/EBPa-saRNAs was added directly to the cells, at a final concentration of 100 nM. The treatment was repeated 24 h later, and cells were harvested at final incubation times of 72 h. Total RNA was extracted for reverse transcription using an RNeasy kit (QIAGEN). Target cDNA amplification and real-time PCR were performed using a Bio-Rad kit (SsoAdvanced Universal SYBR Green Supermix). For normalization, the reference gene 18S was used.
MTS Assay
To determine the inhibition of cell proliferation, 5 Â 10 3 PANC-1 cells/well were seeded in 96-well plates and grown in appropriate media 1 day before the treatment. Cells were treated with TR14-CEBPA and IRRE-CEBPA at 100 nM twice at 24-h intervals. Inhibition of cell proliferation was measured using MTS assay (Promega, Madison, WI, USA) at a final incubation time of 72 h.
Chemical Synthesis of Albumin Tag to Aptamers 4-(p-Iodophenyl) butyric acid (Sigma, St. Louis, MO, USA) was converted into N-hydroxysuccinimide (NHS) ester using standard procedures. 4-(p-Iodophenyl) butyric acid NHS ester was used for the conjugation with 3 0 -amino or 5 0 -amino-labeled oligonucleotides. One micromole of oligonucleotide was dissolved in 750 mL of water, and 400 mL of DMSO was added, followed by 150 mL of 1.0 M phosphate buffer (pH 7.5). A solution of 5 equiv of 4-(p-Iodophenyl) butyric acid NHS ester in 100 mL of DMSO was added. The reaction mixture was vigorously stirred at room temperature. Progress of the reaction was monitored using high-pressure liquid chromatography (HPLC) on a PRP1 column (Hamilton, Reno, NV, USA) in triethylammonium acetate (TEAA) buffer. Buffer A was 50 mM TEAA in water; buffer B was 50 mM TEAA in acetonitrile-water, 9:1. After 1 h, the reaction was completed. To remove the DMSO, the reaction mixture was precipitated into isopropanol, kept at À20 C overnight, and centrifuged at 4 C for 20 min. The supernatant was discarded, and the resulting pellet was washed with an 8:2 solution of cold ethanol/water.
Aptamer Conjugation to C/EBPa-saRNA
The tTR14-C/EBPa-sense strand with (TCT) or without (TC) an albumin affinity tag and antisense CEBPA RNA were chemically synthesized at City of Hope. The RNAs were refolded in binding buffer, heated to 95 C for 3 min, slowly cooled to 37 C, and then incubated at 37 C for 10 min. To form the tTR14-C/EBPa RNA, the antisense strand of C/EBPa was annealed to the complementary strand using the same molar amounts. The same amount of refolded tTR14 was added and incubated at 37 C for 10 min in binding buffer to make the chimeric conjugates.
Intrahepatic Pancreatic Cancer Liver-Metastatic Mouse Model
To create an animal model harboring traceable tumors, we inserted a firefly luciferase fragment into the pLKO.1-AS3 backbone encoding the neo gene (National RNAi Core; Academia Sinica, Taiwan). One day before transduction, 293T cells were plated onto a six-well plate. On the day of transduction, the medium was replaced with DMEM containing serial dilutions of the transfer plasmids and incubated for 5 h; then the medium was replaced. After 2 days, the culture medium containing recombinant lentiviral particles was obtained. PANC-1 cells were incubated with recombinant lentiviral particles for 24 h. The following day, culture medium was replaced with standard medium containing 1.2 mg/mL G418 (Merck, Germany) for stable clone selection. Two weeks after selection, a single stable cell line was picked and maintained in medium containing G418. Luciferase expression was assessed using the Luciferase Assay System.
Six-week-old female NOD/SCID mice (BioLasco, Taiwan) were used in these experiments. Animal studies were performed in compliance with approval from the Institutional Animal Care and Use Committee of College of Medicine, National Taiwan University. Mice were kept in a conventional, specific pathogen-free facility. To establish a liver-metastatic pancreatic cancer model, we performed intrahepatic tumor implantation by injecting 30 mL of a monocellular suspension (in PBS) containing 1 Â 10 6 PANC-Luc cells into a region in the middle lobe of the livers of 6-week-old female NOD/SCID mice (BioLasco, Taiwan). Tumors were allowed to grow for 1 week after inoculation; then the mice were randomly divided into five groups and injected with PBS, IRRE-TR14-CEBPA (1 nmol), TR14-CEBPA (1 nmol), IRRE-P19-CEBPA (1 nmol), or P19-CEBPA (1 nmol) via the tail vein 3 times/week for 3 weeks.
For the combinational treatment with gemcitabine, tumors were allowed to grow for 2 weeks after inoculation until they could be detected using an IVIS system; then mice were randomly divided into five groups of 10 animals/group. Each treatment group followed a specific schedule. The Gem group was treated with gemcitabine (50 mg/kg, 2 times/week, intravenously [i.v.]). The Gem/TC group was treated with gemcitabine (50 mg/kg, 2 times/week, i.v.) and TC (1 nmol, 3 times/week, intraperitoneally [i.p.]). The Gem/TCT group was treated with gemcitabine (50 mg/kg, 2 times/week, i.v.) and TCT (1 nmol, 3 times/week, i.p.). The Gem/TCUT group was treated with gemcitabine (50 mg/kg, 2 times/week, i.v.) and TCUT (1 nmol, 3 times/week, i.p.). The control group was treated with PBS only.
Tumor growth was monitored by evaluating bioluminescence using an IVIS 200 in vivo imaging platform (Caliper Life Sciences, Alameda, CA, USA) and measuring the difference from before the first injection and 1 day after the last injection. To do this, prior to in vivo imaging, the mice were anesthetized using isoflurane. A solution of 150 mg/kg D-luciferin (Biosynth, USA) was then injected i.p. The mice were imaged using the IVIS 200, and bioluminescent signals were analyzed using Living Image Software (Caliper Life Sciences, Alameda, CA, USA). The mice were euthanized 2 days after the last injection. Tumors were removed from mice, and tumor size was measured by caliper and further analysis of gene expression.
Statistical Analysis
Data were analyzed using Student's t test, ANOVA, or unpaired t test with Welch's correction to assess statistical significance (*p % 0.05, **p % 0.01).
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